Introduction
The use of monoclonal antibodies as biopharmaceuticals is becoming more popular [1, 2] , and thus antibody dimerization during preparation and the subsequent removal of aggregates are becoming increasingly studied areas. When modeling the purification of antibodies from dimers, the main focus has been on the removal of dimers produced during the upstream processing. Dimerization that occurs during the upstream processing is, however not a major purification problem, since the removal of such dimers is a straightforward problem in process design. The removal of dimers formed during the downstream processing, however, is more complicated.
Monoclonal antibodies are usually produced in a bioreactor, and a series of separation steps is subsequently used to isolate and purify the product [2] [3] [4] . This downstream processing normally consists of chromatographic purification steps that are run in batch mode, with storage tanks between each unit operation. Great efforts have been dedicated to minimizing the idle time and the volume and number of unit operations in the downstream processing. An increased interest in personalized pharmaceuticals and the technical advances in disposable equipment and protein capture have made it possible to run an integrated downstream process in which the storage tanks can be replaced with size-exclusion chromatography (SEC) columns.
Several models have been developed to describe the separation of antibodies, dimers and other impurities during the downstream processing. Perez-Almodovar and Carta [5] showed that break-through of a protein A column can be modeled with different mechanistic models. Ng et al. [6] showed how an integrated calibration and optimization could be used to model and optimize a protein A capture step of polyclonal IgG. Borg et al. [7] used modeling to study the effects of twelve process parameters on the separation process in a cation-exchange chromatography (CIEX) step. These models, however, do not include the dimerization that occurs during the separation steps. Guo et al. [8] showed that dimerization can occur due to interaction with the stationary phase, while Ojala et al. [9] showed that dimers of the antibodies are formed in the mobile phase. Arosio et al. [10] expanded the Lumry-Eyring model [11] to include the effects of reversibility.
The concentration of dimers in the downstream process changes as the buffer conditions change [12] . Removal of the dimers results in a loss of monomeric antibodies, as the removal can drive the reaction to form even more dimers. Hold-up times of up to a couple of hours are common between process steps in the downstream processing [13] . Dimerization is a time-dependent reversible process [9] , and it is therefore desirable to know how these hold-up times influence the yield of the process.
We present here a comparison between a continuous process and a batch-wise process, and we focus on the influence of the reversible dimerization reaction. Mechanistic models for the various chromatographic steps and for the dimerization in the mobile phase are used to predict the dimerization during the downstream processing. Chromatographic separation run in bind and elute mode can cause antibody unfolding and dimerization, and it is therefore important to evaluate whether such steps are necessary. Two different processes are considered. First, a batch-wise approach to antibody production is considered in which protein A is used as a capture step, followed by virus inactivation and cation-exchange chromatography. Second, an integrated approach is considered, in which the pool from protein A capture is directly loaded onto a SEC column, which not only inactivates viruses but also separates dimers. The dimerization occurring on the stationary phase is disregarded and the study focuses on dimerization in the mobile phase.
Theory

Downstream Processing Platform
The design of the downstream processing platform differs between different antibodies and between different manufacturers. Figure 1 shows a batch-wise and a continuous antibody purification process. Protein A chromatography is used as the capture step at the beginning of the purification process in two thirds of commercially available antibody downstream processes [2] . In this step, antibodies and aggregates bind to the stationary phase, while impurities are eluted. The Fc region of the antibody is the part that binds to the protein A in the column [14] . This is a hydrophobic interaction that is pH-sensitive. The adsorption becomes weaker when the pH is lowered, and the antibodies are eluted. To make the downstream process continuous some buffer exchange step is needed. The buffer exchange step can be realized by adding a SEC column after the Protein A capture. The SEC step can then both remove aggregates and change the buffer conditions. The following AIEX step can then be run in weak partitioning mode [15] to remove host cell proteins (HCP) and leached Protein A.
Batch-Wise Processes
A virus inactivation step, during which the pH is lowered to 3.8, follows the capture [4] . This pH is maintained for an hour before it is adjusted to a pH that is suitable for the polishing steps. The polishing steps usually take place on a cation-exchange chromatography (CIEX) column and an anion-exchange chromatography (AIEX) column. The antibodies are loaded onto the CIEX column in a buffer at pH 5 with a sodium chloride concentration of 100 mM. A salt gradient from 100 mM to 600 mM is used to elute the antibodies. The AIEX column is run in weak partitioning mode and can be disregarded, as aggregates do not form at the conditions at which it is operated.
The concentration of antibodies is very high at certain stages of the capture step and during the CIEX polishing step. The elution conditions, low pH and high salt concentration, may also promote the formation of aggregates [9] .
Continuous Processes
Size-exclusion columns (SECs) are used in continuous processes, instead of the storage tanks, and the virus inactivation step, of the batch-wise processes. The pH in the column is lowered to 3.8 and maintained at this value for an hour to inactivate the viruses. The pH is then increased to 8 and the salt concentration maintained at 100 mM to prepare the antibodies for loading onto the AIEX column. Downstream processing in this case comprises only three operations, in contrast to the five required during batch-wise processes. Furthermore, the steps of binding to the CIEX column and elution for it, which can cause additional dimerization are omitted.
Aggregation Model
The reaction model, developed by Ojala et al. [9] , is based on a reversible reaction in which monomeric antibodies (M ) form dimers (D) according to:
The reaction rate, denoted Q T,i , Q b,i and Q p,i in Equations (5), (9) and (13) can thus be described by:
where ξ i is 1 for dimers and -2 for monomers, k k is the dissociation rate constant, C j,M is the molar concentration of monomers, C j,D is the molar concentration of dimers and K eq the equilibrium constant which depends on the concentration of salt, s, according to Equation (3) . Subindex j denotes the domain in which the reaction takes place, T is the mobile phase outside and inside of the particle pores, b is the mobile phase outside of the particle pores and p is the mobile phase inside the particle pores.
The dissociation rate constant, k k depends on pH according to:
Column Models
Ng et al. [6] have presented a column model that describes the protein A capture on an AbSolute column of volume 1.67 mL. The model assumed an antibody feed with a concentration of 1 g/L at pH 7.4, containing 1% by weight of dimers. It was assumed that dimers have the same kinetic and transport properties as monomers. The column was loaded for 15 column volumes (CV) then washed for 3 CV. Antibodies were eluted by 3 CV at pH 3.8. This model was used to predict the separation in the Protein A capture step. Ojala [16] have presented a SEC column model for the separation of antibodies on a Superdex 200 column of volume 319 mL which was used to predict the separation in the SEC column step. Borg et al. [7] have presented a model to describe the CIEX separation on a Fractogel SO − 3 column of volume 133 mL. Antibodies were eluted using a salt gradient of volume 20 CV from 100 mM to 600 mM at a flow rate of 4.8 CV/h. The CIEX polishing step was modeled using this model.
Protein A Column Model
A transport-dispersive model [6] (Equations (5)- (8)) with an additional reaction term (Equation (2)) was used to describe the separation during the capture step:
where C T,i is the concentration of component i in the mobile phase, t is time, D app is the apparent dispersion, z is the axial coordinate, v is the superficial velocity, ε T is the total void ratio and q i is the concentration of component i in the stationary phase. The rate of adsorption is given by:
where k m is the mass transfer coefficient and q * i is the concentration of component i in the stationary phase at equilibrium. The mass transfer coefficient and the concentrations at equilibrium are given by Equations (7) and (8) .
where k max is the maximum mass transfer coefficient, S 1 is a saturation-dependent constant, S 2 is the saturation-dependent order, q max is the maximum binding capacity, K A is the association equilibrium constant, pH ref is the reference pH and n is the pH-dependent equilibrium order.
IEX and SEC Column Models
A general rate model was used to describe the separation in the CIEX and SEC column:
where C b,i is the concentration of component i in the mobile phase outside of the particle pores, t is time, z the axial coordinate, R p is the stationary phase particle radius , ε c the column void ratio and r the radial coordinate. Q b,i is described by Equation (2). The dispersion coefficient, D ax , is given by:
where P e is the Peclet number, and the interstitial velocity, u, is calculated using Equation (11):
where F is the flow rate, R col the column radius. The film transport rate for component i, k f,i is described by the Wilson-Geankopolis correlation:
where D M,i is the free diffusion coefficient. The concentration of component i in the mobile phase inside the particle pores, C p,i , is calculated using:
where ε p,i is the apparent particle porosity for component i, D e,i is the effective diffusion coefficient of component i, ε p the particle porosity and Q p,i is the reaction rate, as given by Equation (2) . No adsorption occurs in the SEC column, thus ∂q i /∂t is zero. Adsorption of the components in the CIEX column is described by a steric mass action model [17, 18] :
where k kin,i is the adsorption kinetic parameter for component i, H i is the equilibrium of adsorption for component i and ν i the amount of ligands bound to component i. The maximum amount of component i that can be adsorbed on to the particle surface, q max,i , is given by:
where Λ is the total amount of ligands on the surface of the particle and σ i the amount of ligands blocked by component i. Equation (16) is used to preserve electroneutrality.
Boundary Conditions and Initial Values
A Dirichlet boundary condition was used in the column inlet (Equation (17)) and a homogeneous von Neumann boundary condition was used at the outlet (Equation (18)) for the transport-dispersive model. During the loading of the column the concentration in the inlet is the same as the feed concentration, 1 g/L in total, otherwise the inlet concentration is zero. The time at which the load starts is denoted t 0 and the final time of the load is denoted t f . The column is initially assumed to contain only buffer solution and no monomers or dimers in either mobile or stationary phase (Equation (19)).
where L is the length of the column.
For the general rate model, a Dirichlet boundary condition was used in the column inlet (Equation (20)) and a homogeneous von Neumann boundary condition was used at the outlet (Equation (21)). For the batch process the inlet concentration was set to the storage tank concentration during the loading and for the continuous process the inlet concentration was set to the outlet concentration of the previous column. The time at which the load starts is denoted τ 0 and the final time of the load is denoted τ f . The column is initially assumed to contain only buffer solution and no monomers or dimers in either mobile or stationary phase (Equation (22)).
A flux boundary condition was used for the particle surface (Equation (23)) and a homogeneous von Neumann boundary condition was used at the center of the particle (Equation (24)).
∂C p,i ∂r r=0 = 0 (24)
Simulation
The transport-dispersive model used to describe the protein A capture step was discretized using the Method of Lines [19] . The spatial derivatives were approximated using the finite volume method [20] with 100 finite volumes in the axial direction. For the SEC and CIEX columns, 100 finite volumes were used in the axial dimension, and seven volumes were used in the radial dimension. A fifth-order weighted essentially non-oscillating scheme (WENO) [21] was used to estimate the convection in the columns, and a central second-order approximation was used for the diffusion in the particles. The resulting sets of ordinary differential equations were solved using the ode15s [22] function in MATLAB. Figure 2 shows the chromatogram obtained when the capture steps were run under the same conditions in the two processes. Essentially no dimers are formed during the protein A capture, as can be seen in Table 1 . This was expected, as the model considers only the dimerization in the mobile phase. Even though the concentration of antibodies is five times higher in the collected pool than in the load, and the pH and salt concentrations are low, the time spent under those conditions is much shorter than the time spent adsorbed on stationary phase. Figure 3 shows the mass fraction of dimers during all three operations in the batch-wise process. The pool was collected and held at a pH of 3.8 for an hour to inactivate viruses after the capture step. These conditions are very harsh, and the mass fraction of dimer increases from 1.005 · 10 −2 to 4.825 · 10 −2 .
Results and Discussion
Aggregation is known to occur during the virus inactivation step [2] . After the virus inactivation, the pH was increased to 5 and the antibodies were stored for 7 h. Some dimers formed during storage and the mass fraction of dimers increased to 4.857 · 10 −2 but the increase was much smaller than the increase during virus inactivation. The massfraction of dimers increased to 4.948 · 10 −2 during the CIEX polish. A fairly small increase considering that the concentration of antibodies is very high during the elution. This may be due to the fact that dimerization is very slow at pH 5, and the equilibrium is shifted towards monomers at high salt concentrations [9] , which are conditions in which the antibodies are eluted. The interaction of antibodies with the stationary phase promotes the formation of aggregates [23] [24] [25] , but the mechanism is unknown. Figure 4 presents the simulated chromatogram of the CIEX step. The dimer concentration is multiplied by ten to give the same scale as the monomer concentration.
In continuous downstream processing, the pool that elutes after the protein A capture is loaded directly onto the SEC column. The flow rate is lowered to achieve a residence time of one hour at pH 3.8, after which the antibodies are eluted at pH 8. Figure 5 shows the excellent separation of monomers and dimers on the SEC column. The disadvantage of separating monomers and dimers on the SEC column is that the capacity of the column is much lower than the capacity of a CIEX column. To compensate for the lower capacity, a larger column and more solvent is needed to obtain the same productivity. There are two main advantages of the continuous process. First, a CIEX polishing step is not needed to remove aggregates, since the dimers and monomers can be separated. Second, very few dimers are formed during the virus inactivation ( Figure 5 ). The dimer concentration is multiplied by ten to give the same scale as the monomer concentration. The separation of monomers and dimers would promote the formation of dimers, but separation as well as dilution, due to the dispersion in the column, will keep the concentration of monomer and dimer at the equilibrium. These advantages needs to be weighed against the disadvantages, i.e., larger column and solvent consumption in the SEC column.
There are several types for monoclonal antibodies which may exhibit other types or pathways for dimerization. Arosio et al. [10] showed another pathway for dimerization and formation of higher order aggregates under the same conditions as used in this paper. The results presented in this paper might not be applicable if the antibodies follow another aggregation pathway as the amount and type of dimer may vary from the dimers studies here. Irreversible dimers and higher order aggregates can be removed early on as they do not affect amount of monomers. To maximize the yield, reversible dimers should not be removed during the downstream processing as they can form monomers again before or during the formulation. The drawback is that reformation of monomers from dimers can be very slow and the overall productivity of the process will be lower. Ojala et al. [9] showed that reformation of monomers from dimers can take several days. Taking this into account the continuous process presented here would still be beneficial even if the reversible dimers are not removed during the downstream processing as the total process time is lower for the continuous process.
Conclusions
It is vital to include mobile phase dimerization when modeling batch-wise downstream processing, since it has a profound effect on the yield and productivity. This effect takes place both directly through loss of product, and indirectly through changes in concentration at the inlet to the CIEX. The fraction of dimers present changes most radically during the virus inactivation, due to the low pH and salt concentration. The amount of dimers formed as well as the process time will be lower when SEC columns are used, rather than storage tanks, during the downstream process. Thus, continuous downstream processing should be preferred over batch-wise operation from the point of view of minimizing the dimerization and process time.
